Objective: Gap junction channels provide for direct electrical coupling between cells, and play an important role in homeostasis and electrical coupling. One of the proteins that form gap junctions, Connexin40 (Cx40), shows restricted expression in the body, and is found in blood vessels and in the atrium and conduction system of the heart. We have investigated whether gap junction channels formed of Cx40 are modulated by protein-kinase-A-mediated phosphorylation. Methods: A communication-deficient human hepatoma cell line (SKHep1) was stably transfected with human Cx40 cDNA and the properties of Cx40 gap junctions channels and their modulation by cAMP were analyzed using immunocytochemistry, Western blotting, dual patch clamp, and dye coupling. Results: Administration of 1 mM 8-Br-cAMP resulted in a mobility shift of Cx40 protein on western blot and increased macroscopic gap junctional conductance between cell pairs by 46.2612.0% (mean6S.E.M., n58). Under control conditions, single channel experiments revealed three single channel conductances around 30, 80 and 120 pS. When cAMP was added, channel conductances of 46 and 120 pS were observed. In monolayers, cAMP also increased the permeability of Cx40 gap junction channels for Lucifer Yellow by 58%. Conclusions: Macroscopic conductance and permeability of Cx40 gap junctions is strongly increased by cAMP and may play a role in the regulation of intercellular communication in the heart and vasculature.
However, because of its restricted distribution, the was checked by double-strand DNA sequencing using the regulation of Cx40 gap junction channels is of interest.
T7 sequencing kit (Pharmacia Biotech). Especially in the heart, where Cx40 is regionally expressed in the atria and conduction system, short term modulation 2.2. Expression in SKHep1 cells of the conductance of Cx40 gap junction channels might alter the propagation of the cardiac impulse.
SKHepl cells (human hepatoma) were obtained from the In order to study the electrical properties and perAmerican Type Culture Collection (Rockville, MD) and meability of Cx40 gap junction channels in isolation and cultured in Dulbecco's modification of Eagle's medium their modulation by cAMP-mediated phosphorylation, we supplemented with fetal calf serum (10%) and antibiotics have stably transfected cells of a communication deficient under 5% CO at 378C. Stably transfected cells expressing 2 human hepatoma cell line (SKHepl) with human Cx40 human Cx40 were generated as described before [23] . DNA. The effect of cAMP on phosphorylation and the Colonies were screened for gap junctional coupling by electrical conductance of gap junction channels formed micro-injection of Lucifer Yellow (4% in 150 mM LiCl, between these cells was studied using the dual voltage buffered to pH 7.2 with 10 mM HEPES). After a 2 min clamp technique, whereas the effect of cAMP on the diffusion time, cell coupling was determined by counting permeability of the Cx40 gap junction channels for larger the number of fluorescent cells under an inverted micromolecules was assessed by diffusion of Lucifer Yellow scope (Nikon Diaphot). Colonies that allowed transport of (dye coupling).
the dye between the cells were further analyzed for Cx40 expression using standard RT-PCR techniques on total cellular RNA extracts.
Methods

Immunocytochemistry
Cloning of connexin40 (Cx40) from human
SKHep1 / hCx40 cells were grown to subconfluency on umbilical cord venous cells glass coverslips, rinsed in phosphate buffered saline (PBS) and subsequently fixed in methanol (2208C) for 2 min. Human umbilical cords were obtained with informed They were stored in PBS at 48C. Fixed cells were consent, according to the rules of the medical ethical permeabilized with 0.2% Triton X-100 in PBS for 1 h. committee of the Utrecht academic hospital. From the Subsequently, nonspecific binding of primary antibody was umbilical cord vein, endothelial cells were isolated as blocked with 2% bovine serum albumin (BSA) for 30 min. described previously [15] . Human Cx40 was PCR amPrimary antibody incubations were performed overnight, plified from genomic DNA of cultured human umbilical with antibodies raised against Cx40 (Alpha Diagnostics, vein endothelial cells (HUVEC), with primers corre-0.5 mg / ml PBS / 10% Normal Goat Serum [NGS] ) and sponding to the amino-(P21s: CCGGAATCx45 (Alpha Diagnostics, 5 mg / ml PBS / 10% NGS). All TCATGGGCGATTGGAGCT) and carboxytermini (P22a: incubation steps were performed at room temperature (20-CCAAGATCTGGG TCACACTGATAGG) of human 238C), and in between all incubation steps, cells were Cx40 as published by Kanter et al. [22] . In this way the thoroughly washed with PBS. disks. Prior to treatment, the cells were washed extensively 598C, 1 min; 728C, 1 min); final extension 7 min at 728C.
with PBS and normal culture medium was replaced for 2 h The obtained PCR fragment was phenol purified, precipiby serum-free medium. In order to activate PKA, 1 mM tated and digested with 10 U BglII and 10 U EcoRI for 3 h 8-Br-cAMP was added to the cultures. After 10 min, at 378C. The digested DNA was separated on an agarose incubations were stopped by washing the cells with PBS. gel. The Cx40 fragment was cut out, purified via GeneSubsequently, cells were collected in lysis buffer (400 Clean (Bio 101) and cloned in pSG5 in the EcoRI and ml / 10 cm dish; 50 mM Tris-HCl pH 7.4, 150 mM NaCl, BglII sites. The construct used for expression experiments 0.5% Nonidet-P40, 0.5% sodium deoxycholaat, 0.1% Initially, both cells of a pair were voltage-clamped at 0 mV, close to the membrane potential. Next, the holding 2.5. Dye coupling experiments potential of one of the cells was changed stepwise to 50 mV, generating a voltage difference across the gap junction Before starting the experiment, the culture medium was (V ). This V evokes a current in each cell: the sum of the j j replaced by a protein-free control solution containing (in membrane and the junctional current in the stepped cell mM): 94.1 NaCl, 5.4 CsCl, 10.7 Na HPO , 23.8 NaHCO , and the junctional current in the non-stepped cell. Gap ethyl-piperazine-N9-2-ethanesulfonic acid (HEPES), pH current in the non-stepped cell by V , and corrected for j 7.4 (adjusted with NaOH). All experiments were perseries resistance as explained below. formed at room temperature (20-238C). Microelectrodes
To resolve single gap junction channel events, 2 mM (tip diameter ,1 mm) were pulled from 1.0-mm borosilihalothane was added to the control solution [29, 30] . cate capillaries and backfilled with 4% Lucifer Yellow CH (LY) in 150 mM LiCl. Petri dishes containing monolayers 2.7. Phosphorylating conditions of transfected cells were placed on the stage of an inverted microscope (Nikon Diaphot TMD), and observed at a total For each experiment a fresh solution containing 1 mM magnification of 4003 using phase-contrast optics and of the membrane permeant nucleotide 8-bromo-cAMP epifluorescence. The microelectrode was inserted into a (8Br-cAMP, Sigma) dissolved in control solution was cell using a hydraulic micromanipulator (M0203, prepared. In whole cell experiments measuring macroNarishige). Subsequently, the dye was allowed to diffuse scopic conductance, the superfusion was switched from out of the pipette into the impaled cell and adjacent cells control to 8Br-cAMP solution after conductance had for 5 min before the electrode was retracted. This resulted reached steady state. The specificity of 8Br-cAMP was in hardly any leakage of LY from the cells, indicating fast tested in separate experiments by adding a specific protein membrane sealing. Then the number of stained cells kinase A antagonist, Rp-adenosine-39, 59,-cyclic phos-(including the impaled one) was counted.
phorothioate (Rp-cAMPS, Biolog) to the internal pipette solution in a final concentration of 100 mM. At the 2.6. Electrophysiological measurements beginning of the experiment, when the dual whole cell configuration was reached, Rp-cAMPS was allowed to Patch pipettes were pulled with a vertical electrode diffuse into the cell for 5-10 min, before cAMP was puller (Narishige PB-7) from 1-mm borosilicate capillaries added. currents using: microcomputer (Apple). whether Cx40 is indeed phosphorylated after exposure to Mean single channel conductance (g ) was determined cAMP in our experiments, monolayers of SKHepl / hCx40 j by fitting a sum of one to three Gaussian distributions to cells were preincubated to control or cAMP conditions. step amplitude histograms, using KALEIDAGRAPH data analyTotal cellular protein was separated by gel electrophoresis sis and graphics presentation software (version 3.0.1, and transferred to nitrocellulose membranes. Adelbeck Software).
Exposure to Cx45 antibodies resulted in an aspecific signal at 65 kD, which was detected in both untransfected 2.9. Statistics HeLa cells (used as negative control) and Cx40 transfected SKHepl cells. SKHepl cells showed one specific band at Groups of observations were compared using a standard 46 kD, both under control and cAMP conditions ( Fig. 2A) . paired (modulation of macroscopic conductance) or unExposure to cAMP did not alter the amount, nor the paired (dye-coupling), two-sided, Student's t test. Values of mobility of Cx45. When blotted for Cx40 (Fig. 2B) , one P,0.05 were considered significant. specific band was detected at 40 kD under control conditions, but interestingly, after preincubation of the cells with cAMP, a second band showed up at 42 kD. This 3. Results second band probably reflects a mobility shift due to cAMP-mediated phosphorylation of Cx40. 3.1. Isolation, sequencing, transfection of hCx40 3.2. Macroscopic conductance Cloning and sequencing of Cx40 from HUVEC revealed eight base differences (99.3% homology) in the Cx40
Since cAMP was able to phosphorylate hCx40, we sequence compared to the Cx40 sequence from human determined whether this phosphorylation was able to heart, reported by Kanter et al.
[22] (see Table 1 ). This modify the electrical conductance between pairs of resulted in six different amino acids.
SKHepl / hCx40 cells. an in-or decrease of about 10-20%. Fig. 3A shows a configuration was obtained, the superfusion was switched typical experiment. For this cell pair, the initial value of to cAMP. This resulted in a severe supression of the intercellular conductance was 100 nS. After 4 min a steady increase in conductance, normally observed with cAMP state g of 82 nS was reached. Next, the superfusion was (Fig. 3B) , which indicates that activation of PKA is j switched from control to the cAMP solution and after a required for an increase in gap junctional conductance. short delay, g increased by 70% to a new steady state j value of 139 nS. Addition of halothane at the end of each 3.3. Single channels experiment led to complete uncoupling, demonstrating that cell pairs were coupled by gap junction channels only, and Total gap junctional conductance is given by: not by cytoplasmic bridges. This protocol was applied to another seven cell pairs. On average the g of Cx40 gap g 5 n ? P ? g
j j 0 j junction channels increased by 46.2612.0% (mean6S.E.M., n58) with cAMP in the bath. The inin which n is the number of channels, g the single channel j crease of the macroscopic conductance of Cx40 gap conductance and P the single channel open probability. o junction channels by cAMP was highly significant (P, The strong increase of macroscopic conductance by cAMP 0.01). To show that cAMP specifically activates PKA, may be due to an increase in n, P , or g or a combination o j
Rp-cAMPS, a competitive inhibitor for cAMP, was added of these. The rapid evolvement of the effect makes a to the pipette solution. 5-10 min after the whole cell change in n unlikely. Unfortunately, determination of P is [32]) was also affected by cAMP, we performed dyecontrol conditions. coupling experiments. Typical experiments are shown in Fig. 5 . A single cell in a monolayer was impaled with a 3.4. Dye-coupling LY-filled microelectrode (marked with an asterisk in the phase contrast views (Fig. 5D , E, and F). After 5 min the Our results show that cAMP modulated macroscopical monolayer was viewed with epifluorescence and the and microscopical conductance of gap junctions formed of number of stained cells was counted. In these particular Cx40. To study whether the permeability of Cx40 gap experiments eight cells were stained under control conjunction channels for larger molecules, like the fluorescent ditions ( Fig. 5A and D) , and 11 cells after exposure to cAMP ( Fig. 5B and E) . In the presence of 2 mM halothane accession number L34954, and Haefliger et al. 1999, only the impaled cell was stained with Lucifer Yellow accession number AF15 1979), which were both identical ( Fig. 5C and F) .
to our HUVEC Cx40 DNA sequence. Additional Cx40 Fig. 6 summarizes our results for a total of 15 dye sequences from at least five other humans were determined experiments under control conditions and another 15 in our laboratory, which were all identical to that presented experiments with 8-Br-cAMP added to the bath solution.
here and published in Genbank (W.A. Groenewegen, pers. On average, LY diffused to 8.160.4 (mean6S.E.M., n5 comm.). The discrepancy between the Cx40 sequence 15) cells under control conditions. When cAMP was published by Kanter et al. [22] and those published by our present, the number of stained cells was increased by 58% and other groups might reflect a polymorphism. However, to 12.860.4 (mean6S.E.M., n515). Means were sigthe number and locations of putative phosphorylation sites nificantly different (P,0.0001) (Fig. 6) .
for PKC, PKG, or PKA is identical in all Cx40 sequences, indicating that regulational parts of the protein for those kinases are presumably not affected.
Discussion
Macroscopic conductance of Cx40 is increased by 4.1. Cx40 gene sequence cAMP
In the HUVEC-derived Cx40 gene several differences After exposure to cAMP, the macroscopic conductance were found as compared to the previously published between SKHep1 cells transfected with human Cx40 sequence [22] . Interestingly, two of these differences, i.e., cDNA was increased by 46.2612.0% (mean6S.E.M., n5 Thr-44→Ser and His-62→Gln were alterations to amino 8). Western blot analysis revealed that this increase in acids found in the Cx40 proteins from rat [11] and mouse junctional conductance after exposure to cAMP is associ- [9] at these positions. However, two (unpublished) Cx40 ated with a mobility shift of the Cx40 protein, reflecting sequences were submitted to Genbank (Lin et al. 1994 , actual phosphorylation of the protein. The fact that the increase in junctional conductance was blocked after preincubation of the cells with Rp-cAMPS shows that this effect is due to specific activation of PKA and subsequent phosphorylation of the Cx40 protein.
The immunocytochemical experiments revealed that Cx45 is also expressed, though in low amounts, which is in agreement with previous reports [33] [34] [35] . Modulation of Cx45 gap junction channels could therefore at least partially account for the observed effect. However, previous measurements on identical cells showed that the electrical conductance of untransfected SKHep1 cells is only 3 nS [35] . Since average conductance between tranfected cells is fifteen times higher, modulation of Cx45 based gap junction channels can only account for the observed effect if their total conductance is increased by untransfected SKHep 1 cells [35] . as main pipette component [19] . In the same study, rat conditions seem to spend more time in this state than under Cx40, expressed in Jeg-3 cells, had single channel concontrol conditions (compare Fig. 4A and B) . ductances of 174 and 38 pS. When expressed in N2A, rat Cx40 conducted with 158 or 180 pS, with K-gluconate or 4.4. Dye coupling KCl as main pipette component, respectively [17] . In half of the cell pairs also, smaller subconductance states equal Preincubation of SKHep1 / hCx40 cells with cAMP to 21-48% of the main state were found. Finally, mouse increased the amount of LY-stained cells by 58% as Cx40 expressed in HeLa cells was reported to have single compared to control. Rat Cx40, transfected in N2A cells channel conductances of 121 and 153 pS with KCl as main was shown to be cation selective, and the transfer of pipette component [14] , and newly formed mCx40 gap 29,79-dichlorofluorescein was not observed to increase with junction channels between HeLa cells showed one conincreasing junctional conductance [17] . However, no selecductance of 198 pS and a residual conductance of 36 pS tivity for anionic or cationic tracer molecules was observed with K-aspartate as main pipette salt [18] . Therefore, when for mouse Cx40, transfected in HeLa cells [37] . Although our experiments are compared with the data on hCx40, the electrical conductance and permeability for dye tracers are data compare rather well, taking into account that CsCl not always parallely related [38] , the increase of dye conducts better than K-gluconate and results in 'larger' transfer was in our experiments accompanied by an channels. However, rat or mouse Cx40 channels formed increase in both single channel conductance and macrochannels with substantially higher conductances than found scopic conductance. The observed increase of LY-transfer in this study.
by cAMP might either result from an increased permeabiliThe smallest size found under control conditions was 30 ty or result from an increased open probability of single pS. This conductance might either reflect the endogenously channels, or a combination of these two effects. Since expressed Cx45 channel of SKHep1 cells, the conductance endogenous hCx45 channels in SKHep1 cells are imof which amounted 32-35 pS [33] [34] [35] or result from permeant for LY [35] , interference of the endogenous substates and residual conductances of Cx40 which were channel is absent in these experiments. reported to amount within this 30 pS range [17, 18] .
After preincubation of the cells with cAMP, two con-4.5. Modulation of Cx40 in the heart ductances were found, i.e., 46 and 122 pS. The single channel conductance of |80 pS observed under control
The increased conductance of Cx40 gap junctions by conditions had disappeared after treatment with cAMP. cAMP might also account for an electrical phenomenon Although in our experiments, where halothane is used to found in the heart. When the rabbit heart is exposed to measure single channels, direct measurements of the open noradrenaline, thus raising intercellular cAMP levels [39] , probability is not possible, some comparison between the the conduction time decreases slightly in the atrium, histograms is valid, since they vary only by four events. strongly in the AV node but not in the His bundle [40] . The absence of the 80-pS conductance under cAMP Cx40 is found in the atrium, and all parts of the conduction conditions is not associated with a specific increased system [2] [3] [4] [5] [6] . The effect of changes in intercellular number of events in either the small or large conductance, coupling will, however, be most pronounced in regions indicating that this conductance has become inactive, were intercellular coupling is a limiting factor. Already in rather than converted to the large or small conductance.
1959, Hoffman et al. postulated that intercellular coupling While cAMP did not affect the largest conductance value, presumably was one of the factors limiting the speed of it increased the value of the smallest conductance from 30 action potential propagation within the AV node [41] . to 46 pS. In previous experiments on identical cells, under Indeed very scarce and small gap junctions composed of highly similar conditions, Kwak et al. have shown that the Cx40 and Connexin43 (Cx43) are found in the AV node single channel conductance is unaltered after exposure to [2, 5] . Our experiments show that the macroscopic conductcAMP [36] . This favours the option that this small ance of Cx40 gap junction channels is significantly inconductance is Cx40 rather than Cx45 based. Since Cx40 creased by elevated cAMP levels. Although b-adrenergic and Cx45 are able to form heterotypical channels [37] , the stimulation increases the upstroke velocity of the AV nodal presence and modulation of Cx40 / Cx45 heteromeric / action potential, by upregulation of the L-type Ca-current heterotypical channels in these cells, cannot be excluded.
[ [42] [43] [44] [45] , which leads to an improved action potential
